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Icosahedral symmetryaspar and Klug in 1962 [Physical principles in the construction of regular viruses.
Cold Spring Harbor Symp. Quant. Biol. 27:1–24.] has formed the basis of much research on virus assembly.
Caspar and Klug predicted that a single virus morphological unit could form a two dimensional lattice
composed of 6-fold arrays (primitive plane), a family of icosahedra of increasing triangulation numbers (T)
and helical arrays of varying length. We have shown that icosahedral viruses of varying T numbers can be
produced using Sindbis virus [Ferreira, D. F. et al. 2003. Morphological variants of Sindbis virus produced by a
mutation in the capsid protein. Virology 307:54–66]. Other studies have shown that Sindbis glycoproteins
can also form a 2-dimensional lattice conﬁrming Caspar and Klug's prediction of the primitive plane as a
biologically relevant structure [VonBonsdorff, C. H., and S. C. Harrison. 1978. Sindbis virus glycoproteins form
a regular icosahedral surface lattice. J. Virol. 28:578]. In this study we have used mutations in the
glycoproteins of membrane containing Sindbis virus to create helical-virus-like particles from the
morphological subunits of a virus of icosahedral geometry. The resulting virus particles were examined for
subunit organization and were determined to be constructed of only 6-fold rotational arrays of the virus
glycoproteins. A model of the tubular virus particles created from the 6-fold rotational arrays of Sindbis virus
conﬁrmed the observed structure. These experiments show that a common morphological unit (the Sindbis
E1–E2 heterodimer) can produce three different morphological entities of varying dimensions in a
membrane-containing virus system.
© 2008 Elsevier Inc. All rights reserved.Introduction
In 1962 Caspar and Klug presented a groundbreaking theory which
explained how the assembly of virus particles could be accomplished
using as few as one morphological unit (protein); a signiﬁcant
advantage for the limited size of virus genomes (Caspar and Klug,
1962). At its simplest, Caspar and Klug hypothesized that the most
energetically favorable construction of virus particles would be
organized similar to a primitive plane of subunits sharing identical
bonds in identical environments. They proposed that the icosahedron
was the only 3-dimensional structurewhich allowed such an assembly
mechanism. With the exception of T=1 particles, the geometry of the
icosahedral particle requires that morphological subunits create 3-
fold, 5-fold and 2-fold centers of symmetry. This, in addition to the
subtriangulation environments on each facet, means the bonds and
environments around the bonds are not always identical. The theory
still applies, though, as long as the bonds and environments are similar
enough to each other. This was termed quasi-equivalence. Much of theity, Campus Box 7622, Raleigh,
n).
l rights reserved.structural studies support the quasi-equivalence theory and is
traditionally assumed correct until proven false.
Sindbis Virus (SV) is a membrane enclosed positive single-
stranded RNA virus and is the prototype for the Alphaviruses in the
Togaviridae family. Sindbis virus particles are 70 nm in diameter and
consist of two T=4 icosahedral protein shells sandwiching a host-
derivedmembrane bilayer (Paredes et al., 1993). The inner icosahedral
shell, made from the capsid protein, surrounds the 49S (+) ssRNA
forming the nucleocapsid. The construction of both protein shells is
consistent with the predictions of Caspar and Klug (1962).
The Sindbis virus genome encodes four non-structural proteins
nsP1–nsP4 and three structural proteins capsid (C), E1 and E2. The
structural proteins are present in the mature virion in a 1:1:1
stoichiometric ratio. The structural proteins are synthesized as a
polyprotein, which after the autoproteolytic cleavage of the capsid
protein at the amino terminus, is directed to the endoplasmic
reticulum (ER) for integration into the membrane. Subsequent step-
wise folding (Mulvey and Brown, 1994) and cleavage by signal
peptidase (Liljestrom and Garoff, 1991) into pE2, 6k and E1 occurs
prior to assembly of E1 and pE2 heterodimers and successive
trimerization to form the subunit of the Sindbis virus outer protein
shell. The folding of the E1 glycoprotein in the ER results in a compact,
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mature virion (Carleton et al., 1997; Mulvey and Brown, 1994). The
energy stored in E1 is likely used to breach the cell membrane during
infection (Paredes et al., 2004). PE2/E1 continues its maturation in the
Golgi apparatus with cleavage by furin endoprotease at the sequence
Arg-X-Arg/Lys-Arg (de Curtis and Simons, 1988) yielding mature E2.
The heterotrimer is then presented to the surface of the cell for
association with the independently formed nucleocapsid. Budding of
Sindbis virus from the cell surface is the result of a nucleocapsid
recruiting E1/E2 heterotrimers to the point of budding and directing
the formation of the icosahedral structure (Ferreira et al., 2003).
Subsequent to Caspar and Klug's theory of virus assembly, the
primitive plane was proved to be a biologically relevant structure for
the membrane containing Sindbis virus when the glycoproteins from
the icosahedral SV particles were partially dissolved and allowed to
reassemble on a 2-dimensional plane. This procedure resulted in a 2-
dimensional lattice of the glycoproteins with only 6-fold rotational
arrays in the precise conﬁguration predicted by Caspar and Klug's
theory (VonBonsdorff and Harrison, 1978). The results of this
experiment conﬁrm the bond similarity between the primitive plane
and the initial assembly of virus particles as icosahedra.
To further illustrate the similarities between the primitive plane
and the icosahedral viruses, a primitive plane can be used to
construct icosahedral particles by postulating a quasi-equivalent
nature of the interactions between the subunits. By introducing 5-
fold rotational arrays at regularly spaced intervals into the primitive
plane of 6-fold rotational symmetry, the plane can be bent in such a
way that the bonds remain within their quasi-equivalent constraints
and still allow full enclosure of 3-dimensional space. The introduction
of 5-fold rotational arrays into the primitive plane can generate
geometric classes of icosahedrons. There are three icosahedral classes,
P=1, P=3 and the skewed classes. Virus particles have been seen in all
of the icosahedral classes though only a few species are seen in the
skew classes.
SV particles fall into the P=1 class of icosahedral symmetry. This
class contains the triangulation numbers of 1, 4, 9, 16, 25 and on
following the equation T=Pf2 where T is the triangulation number, f is
any integer and P=h2+hk+k2 where h and k are any pair of integers
that do not have a common factor (Caspar and Klug, 1962). For the
P=1 class, the latter equation is solved to 1. In 2003 a study of a
mutated SV capsid protein was reported. In that study the introduc-
tion of speciﬁc mutations in the capsid protein resulted in the
formation of morphological variants (Ferreira et al., 2003). These
morphological variants were found to have increased diameters in
speciﬁc size classes and were shown to have icosahedral symmetry
and triangulation numbers ranging from 4 to 36. All of these T
numbers followed the P=1 class progression of size and follow the
predictions of Caspar and Klug. The fact that the mutation producing
these variants was in C suggests that the capsid is the determining
factor of the ﬁnal particle size.
In their description of the primitive plane Caspar and Klug
predicted that such a structure could also explain the assembly of
helical viruses. Rolling the primitive plane into a cylindrical shape
results in a reproduction of the pattern seen in some helical virus
protein shells. What is important to note is that there is no mixture of
6-fold and 5-fold arrays in the model helical structure, which would
create curvature of the relatively ridged structure. This also suggests
that the formation of helical-like particles from subunits which
normally form icosahedra is possible. It should also be noted that the
creation of icosahedral particles from the alfalfa mosaic virus (a helical
virus) subunits has been accomplished, but this was not done under
physiological conditions (Fukuyama et al., 1981).
Recently, tubular shaped particles have been generated from Rous
Sarcoma Virus (RSV) by modifying the spacer between the capsid and
nucleocapsid of its Gag polyprotein (Keller et al., 2008). The insertions,
deletions and substitutions presented in the study illustrate theimportance of the spacer protein (SP) in the envelopment and release
of RSV from the membrane. The authors further suggest that the
interactions of SP in a cyro-EM model of immature HIV-1 particles
may not fully explain the role of SP in the assembly and maturation of
RSV. These data support the conclusions presented herein, which
attempt to reveal the importance of the capsid–glycoprotein interac-
tions to the envelopment of virus particles. SV, as compared to RSV, is
released as a fully matured, strict T=4 enveloped virus resulting from
envelopment of a pre-formed nucleocapsid. RSV has particles with
varying core structures and sizes that result from release of particles
that are assembled from Gag polyproteins that are proteolytically
cleaved after assembly. The lack of SP in SV also means that the
modiﬁed interactions result from changes in the environment around
the capsid protein with respect to the glycoproteins. Even though
these differences suggest that the assembly of the tubular structures
might differ, the similar phenotype may be a result of a fundamental
requirement for envelopment between RSV and SV.
In the present study we have found that the basic morphological
unit of the membrane-containing Sindbis virus icosahedral outer shell
can assemble into a tubular structure. This study supports the
predictions of Caspar and Klug that a single morphological unit from
an icosahedral virus can form the primitive plane, a family of
icosahedral shells and a helical structure of varying length and
expands similar assembly studies with bacteriophages into a
membrane-containing virus system.
Results
We have previously shown that the Sindbis virus glycoprotein E1 is
folded through a complex, multi-step, disulﬁde stabilized pathway
into a compact energy rich structure in the ER (Carleton et al., 1997;
Mulvey and Brown, 1994). In order to make mutations in the E1
protein, which allowed dimerization with E2 and native folding of the
complex, it was necessary to ﬁnd a way to introduce mutations into
themembrane proteins that would allow correct folding and assembly
in the ER. Proper folding and oligomerization of E1 and E2 is a
prerequisite for export from the ER (Carleton et al., 1997). We have
found, as have others, that the introduction of deletions and insertions
in the ectodomains of the membrane glycoproteins can either have no
phenotype or result in a failure to correctly fold and export the
membrane proteins. Traditional clonal mutagenesis and reverse
genetics become difﬁcult tools to use as they rely on creating
truncated or elongated proteins from truncated or elongated nucleo-
tides. To overcome these problems we have developed a protocol for
the introduction of furin sensitive cleavage sites in the membrane
proteins. Furin is a protease which resides in the Golgi apparatus. We
have previously shown that these mutations can allow correct folding
of the virus proteins in the ER and introduction of alteration in protein
structure after export (Nelson et al., 2005).
Production and growth of furin mutants
Sindbis virus synthesizes a polyprotein that contains all of the
structural proteins needed for virus assembly. As the polyprotein is
synthesized, it undergoes autoproteolytic cleavage of the capsid
protein resulting in exposure of a signal sequence and translocation
to the ER. The fully synthesized polyprotein is integrated into the
membrane as a multi-pass membrane spanning protein with 6
transmembrane domains. The protein undergoes a complex pathway
of folding and proteolytic processing that eventually leads to the
high energy conformations found in mature SV (Mulvey and Brown,
1994). A furin protease located in the Golgi network is responsible
for the ﬁnal processing event in the maturation of the virus E2
protein. We have shown that the introduction of additional furin
recognition sequences (Arg-X-Arg/Lys-Arg) by introduction of amino
acid substitutions in the E1 glycoprotein allowed natural folding and
Fig. 1. SDS-PAGE autoradiograph of 35S metabolically labeled virus proteins from the
supernatant (media) of cells infected with wild-type (lane 1) and E1–392/E2–341 (lane
2). The double furin mutant shows bands consistent with the cleaved ectodomains of E1
& E2, labeled as E⁎, and pE2. The wild-type sample does not contain the truncated E⁎
band or pE2. The proteins were identiﬁed by their molecular weights determined by
protein standards.
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2005). Once transported from the ER to the Golgi some, but not all,
of the glycoproteins are cleaved at the new furin recognition
sequences altering the ectodomains of E1 and E2. Growth in furin
deﬁcient cells conﬁrmed that the mutations were not deleterious
and produced a wild-type-like phenotype (Nelson et al., 2005). This
method of protein alteration eliminated the possible improper
processing that might occur if the primary structure of the
polyprotein was changed by insertion or deletion of amino acids.
Mutations which affect protein processing and dimerization lead to
improper folding and failure to export from the ER (Carleton and
Brown, 1996b).
We produced a mutant containing amino acid changes at E1–392
and E2–341 (E1–392/E2–341, see Materials and methods). This
mutant created two glycoprotein sequences sensitive to the enzyme
furin. We found that during export to the cell surface the processing of
the additional furin sites was incomplete resulting in a mixture of
cleaved and uncleaved proteins. The product of this incomplete
processing is seen in PAGE of supernatant from infected cells (Fig. 1).Fig. 2. Scanning electron micrographs of furin mutant infected BHK-21 cells (A), a higher
Magniﬁcations and measure bar values are as indicated on the images.The double mutant shows the presence of E1, E2, capsid (C) and an
additional band migrating between 30 and 40 kDa. This is the
expected size of the ectodomains released from E1 and E2 by the
processing of the inserted furin cleavage sites. The double mutant also
showed the presence of a slower migrating band with a molecular
weight consistent with that of pE2, whereas this band is missing in the
wild-type supernatant. The appearance of pE2 suggests that some of
the mutant protein is folded in such a way that processing of the
precursor is not possible.
The individual mutants (E1–392 and E2–341) produced morpho-
logical variants similar to the double mutant (described below) but in
numbers too low to be useful for morphological studies. Sincewe have
previously shown that the E1–E2 proteins are exported to the cell
surface as a heterotrimer (Carleton and Brown, 1996a), the double
mutant was chosen for this study to increase the probability that a
trimer of heterodimers might reach the cell surface with one or more
furin sites processed. The protocol for the production of this mutant is
described in Nelson et al. (2005).
Expression of furin sensitive variants in CHO RPE.40 cells, which
lack the furin protease, show normal morphology suggesting that the
cleavage of one or both glycoproteins is the cause of the variant
morphologies (Nelson et al., 2005).
Scanning electron microscopy of furin substituted Sindbis virus infected
cells
BHK-21 cells transfected with the furin mutant illustrate the
elongation of the virus particles as theymature (Fig. 2). The tubes seen
on the surface of mutant infected cells vary in size, but are an average
diameter of 73 nm, consistent with normal virus particle diameter and
with the measured diameter of the tubular particles seen by negative
staining (below). The mock and wild-type transfected cells also
exhibit membrane extensions, but these are fewer in number and
signiﬁcantly larger, 95 nm in size and are consistent with the size of
microvilli produced by BHK-21 cells (Follett and Goldman, 1970;
O'Neill and Follett, 1970).
Thin-section electron microscopy of furin substituted Sindbis virus
maturation
Maturation of the furin mutants was unique compared to wild-
type virus. Thin-section micrographs of mutant infected cells show
tubular protrusions (Fig. 3). The protrusions have electron dense
material present within the tube (possibly RNA) and circular-shaped
density at the end of the tubes. Some budding particles also show
several distinct electron densities within the tubular structure, similar
to the density seen at the enclosed end. The distinct electron densities
are round in shape and have a diameter varying between 30 and
40 nm that suggests these structures are capsids.magniﬁcation of a mutant infected BHK-21 cell (B), and uninfected BHK-21 cells (C).
Fig. 3. Electronmicrographs of thin sections of a BHK-21monolayer transfected with furin sensitive double mutant E2–341/E1–392. Tubular formations can be seen budding from the
cell with multiple cores (arrows) as well as undeﬁned electron density (arrowheads).
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Supernatant collected from the furin E1–392/E2–341 infected
BHK-21 cells puriﬁed over potassium tartrate density gradients
produced two distinct bands of particles. The upper band had a
density of 1.368 g/mL and electron microscopy revealed that it
contained primarily wild-type-like virus structures as well as broken
particles. The lower band contained primarily mutant phenotype
particles (described below) and had a density of 1.374 g/mL. The
density difference between the two bands is equal to tartrate
concentrations of 22 and 28% respectively. The titer of the denser
band was approximately 2×108 pfu/mL, which is 4 orders of
magnitude lower than the puriﬁed wild-type control, heat resistant
Sindbis Virus (SVHR), with a titer of ∼2×1012 pfu/mL. This infectivity is
most likely from the wild-type-like particles that co-puriﬁed with the
tubular variants.
Negative contrast staining of the furin variants
Electron micrographs of negative stains of the lower band show a
mixture of some wild-type structures and mutant phenotype
particles. The composition of these particles regarding the incorpora-
tion of cleaved and intact glycoprotein is unknown. It is possible there
are cleaved proteins present in the wild-type-like particles of both
bands. The position of the cleaved proteins in the three dimensional
structure of the virus or the number of cleaved proteins in the
incorporated trimer, however, may not alter critical protein–protein
interactions enough to affect the assembly of the particle. As a result,
normal budding could occur and wild-type morphology is seen
although infectivity of a particular particle is not known. We found
that many of the mutant particles were long structures of varying
length with large, spherical structures capping one end and smaller
closed spherical shapes on the opposite end (Fig. 4). The tubular
structures ranged in length from 50 nm to 921 nm probably reﬂecting
a random termination of the assembly process. The smaller closed end
of the tubular structure varied in size from 55 nm to 100 nm in
diameter. The large spherical end ranged from 132 nm to 293 nm in
diameter. The size of the small, capped end is large enough to enclose
a capsid, which supports the hypothesis that budding is initiated by
interaction of the capsid with the virus glycoproteins in the modiﬁed
membrane and that a subsequent failure in capsid protein envelopeFig. 4. Electron micrographs of negatively stained furin sensitive double mutant E1–392/E2–3
magniﬁcation of a typical sample of double mutant E1–392/E2–341. Bar, 1 μm. B–Q) Selec
Arrowheads show points of helical disruption and reinitiation (see text for explanation). Baprotein interaction results in the formation of the tubes. Despite the
varying particle diameters, the width of the tubular structure was
consistent within each particular particle.
Some particles show a disruption in the formation of the tubular
structure followed by a reinitiation of the formation of the particle in a
new direction with a shift in the organization of the protein arrays
(Figs. 4D, G).
Using negative staining of puriﬁed virus and counting the number
of wild-type-like particles as well as variants in a sample of the lower
density band, the ratio of wild-type to variant is approximately 0.8.
This would account for the infectivity of this fraction even if the
contamination of wild-type-like particles is only 1% of the total
population, assuming a titer of approximately 1×1012 pfu/mL for 100%
wild-type.
Organization of virus glycoproteins in the tubular morphological
variants
Some of the negative stained particles exhibited a deﬁnite
regularity to the organization of the glycoproteins on the surface of
the tube. Of the particles suggesting an organizational pattern, a few
were detailed enough to display full 6-fold rotational arrays (Fig. 5). To
determine the structure of the tubular particles, a technique similar to
the rotation technique of Markham et al. (1963), which is used to
determine 5-fold and 6-fold rotational symmetry, was used to
determine repeating patterns present in the length of the tubular
structure. The principle is the same, but instead of rotational
superposition, linear translational superpositionwas used.We applied
this technique to tubular structures with discernable structure. We
measured the distances required to produce optical reinforcement in
the image and the pattern of distance repeat are presented in Table 1.
The helical angle was determined to be 30°. Measurements of
glycoprotein distances on a cryoEM-reconstruction of wild-type
Sindbis virus were taken to determine the relevance of the patterns.
The repeats were determined to be equivalent to the distance between
the center of two opposite trimers in a 6-fold rotational array of
trimers and the diameter of the 6-fold rotational array itself producing
repeat lengths of 16 nm and 20 nm respectively. From the data
collected, a model using only 6-fold rotational arrays of protein
trimers taken from a cryoEM-reconstruction was created by hand to
illustrate the possible organization of glycoproteins on the surface of41 containing virus recovered from the supernatant of transfected BHK-21 cells. A) Low
ted particles demonstrating the variations seen in one preparation of E1–392/E2–341.
rs, 100 nm.
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Fig. 5. Electron micrograph of a negatively stained furin double mutant E1–392/E2–341. A) A normal E1–392/E2–341 particle that shows surface detail. B) The same particle (A)
highlighting a hexagonal array clearly visible on the tubular structure. Bars, 100 nm.
290 J.P. Kononchik Jr. et al. / Virology 385 (2009) 285–293the tubes (Fig. 6). The 6-fold arrays were organized to maintain
unskewed symmetry and incorporate the 30° pitch seen in the
negative stains.
The 2-dimensional model demonstrates how a primitive plane
containing 6-fold rotational arrays using morphological subunits from
an enveloped icosahedral virus can create helical-like particles. The
model (Fig. 6) has the same pitch as the tubular structures and
resolves the repeating pattern as indicated, seen in the digital
transition overlay (Table 1). Matching the optical reinforcement
spacing to the spacing of spike trimers in wild-type virus particle
was important because it showed that the distances were relevant to
the SV particles and their interactions are probably similar. It also
demonstrated that the associations among the 6-fold rotational arrays
are the only interactions needed for the assembly of the helical
structure as no other measurement on the virus particle correlates
with the distances determined from the transitional overlay (Fig. 6
insert). Interestingly, the 16 nm repeat was previously seen in 1978 on
a primitive plane produced by association of solubilized virus spikes
(VonBonsdorff and Harrison, 1978).
Discussion
The production and characterization of multiple morphological
variants in SV illustrate protein–protein interactions that are critical
for virus assembly. Previous studies using SV show that capsid–E2
interactions are responsible and required for proper assembly
(Hernandez et al., 2000). Additionally, mutations in capsid where
the putative binding site for the E2-tail create aberrant particles that
suggest alternative budding patterns suggesting that the capsid
drives the formation of the icosahedral particle (Ferreira et al.,
2003). Alterations that make the capsid more pliable result in theTable 1
Optical reinforcement pattern
Translation of
negative (mm)
Translation of
particle (nm)
Distance between
reinforcements (nm)
0.6 20 20
1.1 36.67 16.67
1.7 56.67 20
2.2 73.33 16.67
2.8 93.33 20
3.3 110 16.67
Distances measured from the micrograph scans are converted to measurements of the
particles using the calculated magniﬁcation. The difference between reinforcements is
then determined. See text for details.ability to alter the capsid–capsid protein interactions to accommo-
date the formation of nucleocapsids with larger T sizes in the same P
class (Ferreira et al., 2003). These results underscored the role of
protein–protein interactions within the developing capsid in virus
assembly.
The assembly of these morphological variants is likely the result
of the incorporation of cleaved E1 and/or E2 proteins into the
developing particles as envelopment proceeds. The cleaved envelope
proteins may perturb the interaction between the capsid and the
glycoproteins after initiation and result in a failure to close fully
around the capsid; transitioning from icosahedral geometry to the
tubular structures of the mutant particles. One possible scenario that
may result in the transition is that the cleaved glycoprotein trimer is
mis-conﬁgured such that the E2 endodomain cannot properly
interact with the capsid. It is also possible that the mutant
glycoproteins can interact with the capsid but cannot interact with
each other on the surface of the developing particle. With a loss of
correct interaction with the capsid, which serves as scaffold for
organization of the outer protein shell (Ferreira et al., 2003), the
glycoproteins are no longer able to form the 5-fold rotational arrays
that are essential for the completion of an icosahedral structure. The
only structure the glycoproteins can form without interaction with
the capsid is a primitive plane of 6-fold rotational arrays. Therefore
the virus tubes may form from the initial formation of the
icosahedron that produces a regular interaction of the glycoprotein
trimers followed by additional trimers forming a long tubular
structure. The tube formation continues uninterrupted, unlike that
seen in helical viruses such as tobacco mosaic virus, due to the lack
of regulation of the length of the helix by the length of the genome.
This supports the theory that the envelopment of SV is driven by
capsid–glycoprotein interactions.
Uninterrupted growth of the tubular structure may slow the
release of particles from the cell as indicated by a signiﬁcant number
of tubular particles still present on the cell surface as seen by
scanning electron microscopy and thin-sections. Negative stains of
the released virus particles support the hypothesis that the particles
are released from the cell by mechanical agitation and are ripped
from the cell with an attached fragment of the cell membrane. This
is consistent with the observations using scanning electron micro-
scopy and thin-sections.
Additionally, the size of the particles is large enough to encompass
multiple cores, indicating that particles may contain multiple cores as
well as more distributed RNA and capsid protein. This is supported by
the thin-sectioning of infected cells, showing multiple capsid-like
densities in a single protrusion. While the exact ratio of protein and
Fig. 6. Helical reconstruction of the tubular section of the furin sensitive E1–392/E2–341 created by 6-fold rotational arrays (highlighted). Black lines illustrate the 16 nm repeat (A)
and the 20 nm repeat (B) registers seen on the tubular section of the mutants. Illustrations are drawn to scale with the average width of the tubular structures. The insert illustrates
the distances taken from a cryo-electron microscopy reconstruction of wild-type Sindbis virus. Measuring across a strict 2-fold axis of a hexagonal array white is 16 nm and white
with red is 20 nm.
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densities between the wild-type-like particles and the mutants
indicate that there may be additional RNA in the mutants. The
difference in densities may also be an inherent result of the tubular
particle structure. These particles are denser by accommodating more
protein contained in more closely knit glycoproteins due to entropic
forces creating the smallest size helix. The cylindrical shape also has a
smaller surface to volume ratio, which would mean the amount of
membrane present in the particle is less than that present in the
spherical particles, increasing the relative amount of RNA and protein.
The actual protein and RNA content will need to be further
investigated to determine the speciﬁc effects that create the density
change from wild-type particles.
The furin containing variants presented in this study indicate the
importance of glycoprotein–glycoprotein on top of glycoprotein–
capsid interactions in the formation of mature SV particles. Negative
staining shows disorder in some of the tubular particles away from the
putative initiation site and suggest that the loss of correct association
may be between the glycoproteins on the virus surface. The
incorporation of multiple copies of cleaved proteins disrupting the
normal assembly of the particle can explain this partial loss of
interaction between glycoproteins, creating the unstructured and
ﬂexible joints. Once formed, however, the tube continues to form
normally as glycoprotein trimers having wild-type properties are
incorporated into the helix. This suggests formation of the tube isdriven by lateral associations between the glycoproteins and that the
glycoprotein interactions have a larger role in virus budding than
originally anticipated.
The biochemical analysis of the virus proteins secreted into the
media show a few notable features that are unique to the furin mutant
E1–392/E2–341. The introduction of the furin recognition sequences
alters the cleavage pattern of the glycoproteins. pE2 is present in the
media and cleaved E (E1,E2) is present at a molecular weight
consistent with the released ectodomain of both of the cleaved
glycoproteins. The presence of pE2 in the media is likely due to a
conformational change that prevents pE2 cleavage by the furin
protease at the endogenous recognition sequence. We have shown
that pE2 cleavage is not required for successful maturation of SV
(Presely and Brown, 1989).
We did not see the incorporation of cleaved products into puriﬁed
virions. This may result from the possibility that the cleaved
ectodomains of the membrane proteins are released and do not co-
purify with the virus. In this case, the remainingmembrane associated
domains may not be resolved on these gels. It is also possible that the
incorporation of cleaved E1 and E2 into the mature virions is in
numbers too small to be detected in this assay.
Other non-enveloped viruses having icosahedra geometry, such as
polyoma and T4 have been shown to create helical-like particles
(Finch and Klug, 1965; Klug and Finch, 1965; Onorato et al., 1978;
Showe and Onorato, 1978). T4 ‘polyheads’ have a similar elongated
292 J.P. Kononchik Jr. et al. / Virology 385 (2009) 285–293structure and tend to have multiple shells within each particle. T4
particles have a complicated host cell membrane-associated step-wise
assembly process that assembles the capsid shell and inserts the
genome into the head near the end of the assembly process. The data
from the T4 polyheads suggest that the growth of these particles is a
result of a loss of interaction between gp23 and gp24, the distal vertex
protein (Onorato et al., 1978). It is suggested that this loss allows the
continued assembly of the core with the shell to create the elongated
structure. The uniqueness of the SV tubular particles, when compared
to the polyheads and giantheads of T4 is due to the fact that they are
not required to have growth of both the core (capsid) and the shell (E1
and E2) to elongate the particle because the capsid is pre-formed prior
to interaction with the glycoprotein modiﬁed membrane. Polyoma
virus also assembles tubular structures, which have been shown to be
made of paired pentamers in a P2 pentamer tessellation (Kiselev and
Klug, 1969). These structures are particularly interesting because
original observations presumed that the larger particles contained
hexamers and the smaller particles contained only pentamers. The
tubular particles of SV proteins presented in this study, while similar
in overall morphology, have enough identiﬁable features to rule out
the incorporation of pentamers into these structures. Other non-
enveloped icosahedral viruses which have been shown to assemble
tubular particles either within or secreted from the cell include Tribec,
Blue Tongue, and Infectious Bursal Disease (Harkness et al., 1975;
Murphy et al., 1971; Oellermann et al., 1970). The tubular structures
described here for SV are unique in that they demonstrate such an
assembly event in a strict T=4 membrane containing virus and add
evidence that SV behaves unlike traditional membrane containing
viruses.
With the production of this tubular virus variant, the third piece of
Caspar and Klug's prediction is satisﬁed in a membrane containing
virus system. Firstly, the aggregation of virus proteins into hexagonal
arrays producing a two dimensional primitive plane was demon-
strated using Sindbis virus glycoproteins (VonBonsdorff and Harrison,
1978). Next, the icosahedral Sindbis virus, known to assemble by
envelopment in a membrane that is a primitive plane, was shown to
produce families of icosahedra following speciﬁc classes of symmetry
(Ferreira et al., 2003). Finally, helical-like virus structures containing
Sindbis virus proteins have been shown to be a result of interactions
that are made in the same manner as a primitive plane is created (this
study; VonBonsdorff and Harrison, 1978).
Materials and methods
Cells, media and virus
Baby Hamster Kidney cells strain 21 (BHK-21) were passaged as
described previously (Renz and Brown, 1976) at 37 °C with 5% CO2 in
minimum essential medium (MEM) supplemented with 10% fetal
bovine serum (FBS), 5% tryptose phosphate broth, 2 mM glutamine,
50 μg/mL gentamicin as described previously (Renz and Brown, 1976)
and 10 mM HEPES at pH 7.4. Mutant virus was produced from the
cDNA clone TOTO1101 with a substitution in E2 of a serine to a
tyrosine, S420Yand has been studied previously (Liu and Brown,1993)
to show that this modiﬁcation does not affect virus production or
assembly.
Site directed mutagenesis, in vitro transcription and RNA transfection
Site directed mutagenesis was generated as described by (Nelson
et al., 2005). The following primers were used to generate the
mutations: E2 341 (5′-GCACACTCGCGCGCGGAAAGTAGGACTGC-3′),
E1392 (5′-GAGCACCCCGAGACACAAAAGAGACCAAGAATTTC-3′). Infec-
tious RNA was synthesized by in vitro synthesis by combining
approximately 1 μg of template with 40 U of SP6 polymerase, 1 mM
of ATP, UTP and CTP, 0.5 mM GTP, 1 mMm7GpppG, and 10 U of RNaseinhibitor. Themixturewas incubated at 40 °C for 1 h. 2 μl of the sample
was run on a 1% agarose gel to conﬁrm synthesis of the RNA and assess
quality. The template was removed by RNase free DNase incubated at
37 °C for 30 min. Prior to transfection, cells were trypsinized and
washed three times with RNase-free PBS-D (2.7 mM KCl, 1.5 mM
KH2PO4, 137 mM NaCl, 8 mM Na2HPO4) in diethyl pyrocarbonate
(DEPC-treated) water, with a ﬁnal concentration of cells at approxi-
mately 2×107 cells/mL. 20 μL of the infectious RNA and 400 μL of the
cell suspension were added to a 0.5 cm gap-length cuvette. The RNA
was introduced into the BHK-21 cells by electroporation (Liljestrom
and Garoff, 1991) under the following conditions: 1.5 kV, 25 μF and ∞
resistance. Cells were pulsed once and allowed to rest for 10 min
before transferring them to 10 mLMEM and incubated at 37 °C and 5%
CO2 until cytopathic effect (CPE) was visible. The supernatant was
collected, quick-frozen in liquid nitrogen and stored at −80 °C until
needed.
Production and puriﬁcation of furin sensitive virus
90% conﬂuent BHK-21monolayers were infectedwith 200 μL of the
transfection supernatant and incubated at 25 °C for 1 h. 4.8mL ofMEM
was added to the cells and the cells were incubated at 37 °C and 5%
CO2 until CPE was visible. Supernatant of cells showing CPE was
harvested and centrifuged at low speed in a clinical centrifuge to
remove large cell debris. The remaining supernatant was puriﬁed by
isopycnic tartrate gradient centrifugation as described previously
(Coombs and Brown, 1987).
Metabolic labeling and SDS-PAGE
Metabolic labeling was done as described previously (Nelson et al.,
2005). Brieﬂy, 85–90% conﬂuent monolayers of BHK-21 were infected
with 1mL of virus diluted with 1× PBS-D supplementedwith 3% FBS to
a MOI of 0.03–0.3 pfu/mL. The monolayers were incubated with the
virus for 1 h at room temperature followed by incubation at 37 °C and
5% CO2. 6.5 h post-infection, 5 mL of media containing 4 μg/mL
Actinomycin-Dwas added to thewashed cells and returned to 37 °C to
incubate for 1 h. 50 μCi of [35S]methionine–cysteine (Met/Cys)/mL in
5mL of starvationmediawere added and returned to 37 °C and 5% CO2
until advanced cytopathic effect was seen. SDS-PAGE was carried out
under denaturing conditions (0.1% SDS) in 10.8% or 12.5% polyacry-
lamide gels as described previously (Liu and Brown, 1993). Auto-
radiographs of labeled proteins were processed as described
previously (Liu and Brown, 1993).
Titration of furin sensitive virus
Titration of the E1–392/E2–341 double mutant was done on BHK-
21 cells. BHK-21 cells were grown in 25 cm2 ﬂasks to 90% conﬂuence
for the titration. Virus was stored in tartrate at 4 °C for no more than
1 day before dilutions were made. Dilutions from 1×10−1 to 1×10−10
were made of both stock wild-type virus and the double mutant and
kept on ice until used. 200 μL of each dilution was overlayed onto the
monolayers and allowed to adsorb for 1 h at room temperature. After
adsorption, the dilutionwas removed from the ﬂask and the cells were
overlayed with 2% agarose in 1× MEM and incubated at 37 °C with 5%
CO2 for 2 days. After 2 days, the cells were stained with 2% neutral red
in 1% agarose in 1× PBS-D until plaques were visible; approximately
4 h.
Scanning electron microscopy
BHK-21 cells were transfected by electroporation with wild-type
and furin mutants and incubated for 16–18 h on 12 mm glass
coverslips treated for 5 min with a 1% poly-D-lysine solution.
Incubated cells were ﬁxed overnight at 4 °C with 3% glutaraldehyde
293J.P. Kononchik Jr. et al. / Virology 385 (2009) 285–293in 0.1 M cacodylic acid buffer (pH 7.4). Fixed cells were washed three
times and subjected to ethanol dehydration before dried in a Tousimis
Sandri 795 (Tousimis Research, Rockville, MD) critical point dryer and
coated with 25 Å of gold-palladium using a Hummer 6.2 Sputter
Coater (Anatech USA, Hayward, CA). Coated samples were imaged on a
JEOL JSM5900LV scanning electron microscope (JEOL USA, Peabody,
MA).
Transmission electron microscopy
Thin-sections
BHK-21 cells were infected by virus from transfections and
incubated for 16–18 h, after which the cells were removed from the
ﬂask by versine (0.1 M EDTA and 0.5% phenol Red in 1× PBS-D),
pelleted by low-speed centrifugation and ﬁxed with 3% glutaralde-
hyde in 0.1 M cacodylic acid buffer (pH 7.4). Fixed cells were washed
with 0.1 M cacodylic acid three times and then embedded into 1%
agarose and cut into 1 mm squares. The samples were then pre-
stained with 1% uranyl acetate overnight at 4 °C. The samples were
then washed and ethanol dehydrated by a series of soaks in higher
percentage ethanol. SPURR compound (LADD Research Industries,
Williston, VT) was used to inﬁltrate the samples after dehydration,
following a step gradient from mostly ethanol to only SPURR. The
blocks were trimmed on an LKB NOVA Ultotome and thin sections
were stained with 5% uranyl acetate for 1 h and lead citrate (pH12) for
4 min. Samples were then examined on a JEOL JEM 100S transmission
electron microscope.
Negative contrast staining
Puriﬁed virus from tartrate gradients were attached to carbon-
coated copper grids, washed three times with distilled water and
stained with 1% uranyl acetate before viewing on a JEOL JEM 100S
transmission electron microscope.
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